Introduction {#S0001}
============

miRNAs are a class of small regulatory RNA molecules that induce destabilization and translational inhibition of complementary target mRNAs. miRNAs influence many cellular processes, such as proliferation, differentiation, cell signaling and defense responses to infection \[[1](#CIT0001)--[3](#CIT0003)\]. miRNAs are expressed by a broad variety of organisms including plants, almost all animal phyla as well as several DNA- and retroviruses \[[4](#CIT0004)--[8](#CIT0008)\]. In humans, hundreds of miRNAs have been identified of which many are conserved in other animal species \[[9](#CIT0009)\].

Many pathologies have been linked to aberrant miRNA expression patterns, including cancer, metabolic disorders, heart failure and neurological diseases \[[10](#CIT0010)--[14](#CIT0014)\]. To study miRNA functioning in biological systems, potent and specific miRNA inhibitors that can be efficiently delivered in the target cell are desired. In addition, future therapies may rely on effective tools to manipulate miRNA levels via these specific inhibitors.

Over the past decade, various classes of miRNA inhibitors have been developed. The first miRNA inhibitors were antisense oligonucleotides \[[15](#CIT0015)\] that bind to mature miRNA sequences within the cell. To enhance their stability and increase their affinity for a specific miRNA, chemical modifications such as 2ʹO methyl ribose sugars, locked ribose rings (locked nucleic acid, 'LNA', nucleotides) and phosphorothioate backbone linkages were employed \[[16](#CIT0016)--[18](#CIT0018)\]. These reagents were further modified to improve their delivery into cells via the attachment of 3ʹ terminal cholesterol groups, yielding 'antagomirs' \[[19](#CIT0019)\]. Besides exogenous chemical inhibitors, miRNA activity can also be inhibited through the expression of antisense sequences via vector-based delivery approaches. miRNA 'sponges' are transcripts harboring repeats of miRNA binding sites \[[20](#CIT0020)\] that act as miRNA scavengers, thereby effectively blocking their activity. By introducing these sequences in viral vectors, they can interfere with miRNA activity for prolonged periods of time \[[21](#CIT0021)\]. However, high competitor transcript levels and presence of long repeats of binding sites are required to induce effective miRNA inhibition via these miRNA sponges \[[22](#CIT0022)\]. More recently, potent miRNA inhibitors were developed that harbor only two miRNA binding sites. These 'Tough Decoy' RNAs or TuDs can be expressed within the cell via vector-based delivery \[[23](#CIT0023)--[25](#CIT0025)\] or transfected as a synthetically produced inhibitor composed of 2ʹ-*O*-methylated RNA oligonucleotides \[[26](#CIT0026)\]. When TuDs are expressed from RNA polymerase III promoters, they fold into an imperfect RNA hairpin that contains two opposing miRNA binding sites in a bulge of the structure \[[23](#CIT0023)\]. TuDs are exported out of the nucleus to the cytoplasm via Exportin 5, where they specifically and potently interfere with miRNA activity \[[23](#CIT0023)\]. Studies have also shown that RNA polymerase II promoters can be used to efficiently express TuD inhibitors within the cell \[[24](#CIT0024),[25](#CIT0025)\]. It has been shown that adeno-associated virus-delivered TuDs induced long-term miRNA inhibition in mice \[[27](#CIT0027),[28](#CIT0028)\]. TuDs and sponges are both more effective when the miRNA binding sites are non-complementary to the target miRNA at position 10--11, presumably because Ago2-dependent cleavage of the TuD is prevented \[[23](#CIT0023),[25](#CIT0025),[29](#CIT0029)\]. Whether TuD activity is mediated by miRNA sequestration alone, or also by miRNA degradation remains unclear, since several studies have reported conflicting results \[[20](#CIT0020),[23](#CIT0023),[27](#CIT0027)\]. In comparative studies, TuDs proved more effective miRNA inhibitors than sponges \[[23](#CIT0023),[27](#CIT0027)\]. Recently, an AAV-based TuD has been successfully used to restore cardiac function in a murine heart failure model by targeting miR-25 \[[28](#CIT0028)\]. In addition, introduction of an anti-miR-17 TuD in a MYC-driven hepatocellular carcinoma mouse model significantly inhibited tumor progression \[[30](#CIT0030)\]. These studies suggest that anti-miRNA TuDs may hold therapeutic potential.

Given the reported effectiveness of TuDs, we set out to generate a comprehensive collection of TuD inhibitors targeting miRNAs encoded by Epstein-Barr virus (EBV). EBV was the first identified virus to produce miRNAs in infected human cells \[[5](#CIT0005)\]. EBV miRNAs regulate multiple processes in infected cells, such as apoptosis \[[31](#CIT0031)--[34](#CIT0034)\], EBV-driven cellular transformation \[[35](#CIT0035),[36](#CIT0036)\], and immune responses against pathogens \[[37](#CIT0037)--[42](#CIT0042)\]. As guidelines for the design of the non-complementary TuD sequences are largely lacking, we aimed to determine rules for selecting these nucleotides based on the thermodynamic properties of the TuD structure. We observed that the composition of the TuD bulge sequence impacts TuD activity greatly, where bulge composition aimed at lowering the TuD opening energy enhances the potency of miRNA inhibition.

Materials and methods {#S0002}
=====================

Plasmids {#S0002-S2001}
--------

To assess functional miRNA expression, single perfect miRNA binding sites were introduced 29 bp downstream the mCherry reporter gene in the lentiviral pSicoR-EF1a-PuroR-T2A-mCherry vector \[[43](#CIT0043)\]. EBV miRNA clusters were expressed from the intron of the pLenti-Blast-eGFPintron vector \[[40](#CIT0040)\]. The Tough Decoy expression vector pSicoR-EF1a-ZeoR-T2A-mAmetrine ([Figure 1(a](#F0001))) was derived from pSicoR-EF1a-PuroR-T2A-mCherry \[[44](#CIT0044)\] by replacing the PuroR-T2A-mCherry cassette for a ZeoR-T2A-mAmetrine cassette. TuDs were cloned immediately downstream of the mouse U6 promoter (sequences listed in Table S1). All constructs were sequence-verified by Sanger sequencing (MacroGen Corp., Amsterdam, The Netherlands).10.1080/15476286.2018.1537746-F0001Figure 1.Variations in the TuD RNA bulge sequence impacts its inhibitory potential.(A) Schematic overview of the TuD-expressing pSicoR-EF1a-ZeoR-T2A-mAmetrine lentiviral vector used. The hU6 promoter drives expression of the TuD. The Zeocin-resistance is linked to the mAmetrine gene via a T2A sequence. (b) Co-cultures of control or EBV miRNA-expressing cells were lentivirally transduced with a miR-BART1-3p or miR-BART1-5p mCherry reporter construct (top and bottom histograms, respectively) together with a TuD targeting the corresponding miRNA (left histograms) or a control TuD (right histograms). Cells were analyzed by flow cytometry to assess mCherry reporter levels in eGFP-positive (miRNA^+^) and mAmetrine-positive (TuD^+^) cells. (c) Co-cultures of control and EBV miRNA-expressing HK-1 cells were lentivirally transduced with a miRNA reporter and corresponding TuD. Following flow cytometric analysis, mCherry geometric mean fluorescence intensities (gMFI) of miRNA^+^ and miRNA^+^TuD^+^ cells were normalized to those of miRNA^−^ cells. Values are averages of duplicates ±SD of a representative experiment. (d) Co-cultures of control and miR-BART3-expressing HK-1 cells were lentivirally transduced with a miR-BART3-3p mCherry reporter and the indicated TuD. From left to right, cells received either the empty vector control, a miR-BART3-3p TuD with 'GTCA' bulge, a miR-BART3-3p TuD with 'GGAA' bulge, a TuD with complementary miR-BART3-3p binding sites, or a TuD with four mismatches to positions 9--12 of the miRNA from the miRNA 5ʹ end (see Table S2 for details). Following flow cytometric analysis, mCherry gMFI of miRNA^+^TuD^−^ and miRNA^+^TuD^+^ cells were normalized to those of miRNA^−^ cells. Displayed values are averages of triplicates ±SD. (e) Minimum free energy (MFE) secondary structure predictions, as generated by RNAfold from the ViennaRNA package \[[45](#CIT0045)\], for the miR-BART3-3p TuD with the 'GTCA' bulges (the 'bad-quality' TuD, on the left) and the TuD with the 'GGAA' bulges (the 'good-quality' TuD, on the right). The location of the miRNA binding sites (MBS) are indicated. The colors indicate base-pairing probabilities (paired regions) or likelihood of not being paired (unpaired regions).

Cell lines {#S0002-S2002}
----------

HK-1 cells were a kind gift from Prof. Dr. G. Tsao (The University of Hong Kong, Hong Kong). HEK293T cells were obtained from the ATCC. HK-1 were maintained in Roswell Park Memorial Institute medium (RPMI 1640; Life Technologies) and HEK293T cells in Dulbecco's modified Eagle medium (DMEM; Life Technologies), supplemented with 10% FCS (Sigma), 2 mM L-glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin.

Lentivirus transductions {#S0002-S2003}
------------------------

Lentiviruses were produced in a 24-well format using standard lentiviral production protocols using third-generation VSV-G-pseudotyped packaging vectors. Cells were lentivirally transduced by spin infection at 1,000x*g* for 1.5 hrs at 33°C in the presence of 4 μg/ml polybrene. Transduced HK-1 cells were selected using 2 µg/ml Puromycin, 10 µg/ml Blasticidin or 100 µg/ml Zeocin three days post-transduction.

miRNA reporter assay {#S0002-S2004}
--------------------

A mix of empty (eGFP-negative) and EBV miRNA-expressing (eGFP-positive) HK-1 cells was lentivirally transduced with a given mCherry 3ʹUTR miRNA reporter construct. Subsequently, these cells were transduced with TuD vectors at low MOI to ensure single integration in the genome. Approximately one week post transduction, cells were fixed and analyzed by flow cytometry to assess mCherry reporter expression levels (BD FACS Canto II). Data analysis was performed using FlowJo (Treestar). Cells were gated for eGFP expression (miRNA^+^) and mAmetrine expression (TuD inhibitor^+^). Relative reporter expression values were obtained by dividing the mCherry geometric mean fluorescence intensity (gMFI) of the miRNA^+^ cells by the gMFIs of the miRNA^−^ cells (shown in [Figure 1](#F0001)). The percentage of reporter derepression induced by a TuD (TuD potency) was calculated as follows: ^10^Log (mCherry gMFI~miRNA+TuD+~/mCherry gMFI~miRNA+TuD-~)/^10^Log (mCherry gMFI~miRNA-~/mCherry gMFI~miRNA+TuD-~).

Computational analysis TuD thermodynamic properties {#S0002-S2005}
---------------------------------------------------

### RNAup {#S0002-S2005-S3001}

Free energies of miRNA-TuD interactions were calculated using the RNAup command line tool of the ViennaRNA package version 2.1.9 in 'interaction mode' (<https://www.tbi.univie.ac.at/RNA/index.html>) \[[45](#CIT0045)\]. Using concatenated miRNA and TuD sequences within the input file ('&' is used for concatenation within the input format, see example below) RNAup switches automatically to the 'interaction mode', in which the program identifies the optimal region for miRNA-TuD binding with a maximum length of 25 bases. For this optimal region, RNAup computes the opening energy (kcal/mol) of the TuD sequence, the energy of duplex formation (kcal/mol) between the TuD MBS (miRNA binding site) and the miRNA, and the total free energy of binding (kcal/mol). Thus, the computational analysis of the total free energy of binding mentioned throughout this report does not comprise the relatively weak miRNA opening energy. As the ViennaRNA package has been recently updated, we re-calculated the free-energies with version 2.2.4, providing identical values as compared to version 2.1.9 for all TuD sequences.

Example of an RNAup command to calculate the interaction energies between miR-BART3-3p and a given single miR-BART3-3p TuD: RNAup \< input_BART3.txt \> output.txt, where the input file has the following contents (miR-BART3-3p sequence followed by a single miR-BART3-3p TuD containing two bulges with 'aaaa' nucleotides; the '&' separates the two sequences):

CGCACCACTAGTCACCAGGTGT&GACGGCGCTAGGATCatcaacACACCTGGTGACaaaaTAGTGGTGCGcaagtattctggtcacagaatacaacACACCTGGTGACaaaaTAGTGGTGCGcaagATGATCCTAGCGCCGTCTTTTTT

### RNAplfold {#S0002-S2005-S3002}

As the RNAup algorithm scales as O(n\^4), it is relatively slow in calculating openings energies in batch format. The RNAplfold tool, also from the ViennaRNA package \[[45](#CIT0045)\], computes opening energies in cubic time (O(n\^3)) \[[46](#CIT0046)\] thereby reducing the duration of computational analyses. To compare RNAup and RNAplfold side-by-side, we employed RNAplfold to compute opening energies (-O) for both MBS within all 65,536 possible TuDs for miR-BART10-3p and BART18-5p (MBS length (-u) set to 27 for miR-BART10-3p (nucleotides 22--48 = site1 and 75--101 = site2) and 26 for miR-BART18-5p (nucleotides 22--47 = site1 and 74--99 = site2)). We then compared the best MBS opening energy of each TuD calculated with RNAplfold with the RNAup-computed opening energies (Figure S2A). A small fraction (\< 1%) of optimal interaction sites computed by RNAup were 'truncated' (the interaction was limited to only part of the miRNA sequence), these data points were removed from the analysis. The opening energies for TuDs calculated by both tools were highly correlated. In addition, the TuD potency correlated significantly with the RNAplfold-computed opening energies for the selected LE and HE TuDs from [Figure 4(c](#F0004)) (Figure S2B) (as was the case for the RNAup-computer opening energies), showing that RNAplfold can be adapted for TuD opening energy calculations in high-throughput analysis to reduce calculation times.10.1080/15476286.2018.1537746-F0002Figure 2.TuD RNA potency correlates with thermodynamic properties of the decoy.(A) Scatter plots displaying TuD potency versus free energies of 60 different TuDs targeting a total of 31 different EBV miRNAs. HK-1 cells expressing an EBV miRNA cluster and a specific 24 miRNA reporter were lentivirally transduced with a corresponding TuD, followed by flow cytometric analysis of miRNA reporter expression. The TuD opening energy, miRNA-TuD hybridization energy and total free energy (sum of opening energy and hybridization energy) were calculated using RNAup from the Vienna RNA package ([45](#CIT0045)). Each data point represents a single TuD; for some miRNAs multiple TuD variants were analyzed, which contain the same MBS but different 4 nt bulge sequences. Different TuDs targeting the same miRNA ('families') are presented using corresponding symbols/colors. For multiple different BART miRNAs we only tested one specific TuD, all these are indicated by the small black dots. The Pearson correlation coefficients and the corresponding *P*-values (two-tailed) are indicated. (B) HK-1 cells expressing EBV miRNAs were transduced with the miR-BART11-3p or the miR-BART19-3p mCherry reporter and one of multiple TuDs of which only the bulge sequences varied. The scatter plots show TuD potencies versus opening energies of the TuDs.10.1080/15476286.2018.1537746-F0003Figure 3.TuD opening energies computed for every possible TuD bulge nucleotide composition.All possible TuD sequences were generated *in* *silico* for miR-BART3-3p, miR-BART11-3p and miR-BART19-3p, i.e., TuDs were designed based on the miRNA sequence and the 65,536 (4^8^) different miRNA-non complementary 'bulge' nucleotides combinations. Opening energies of the structures of all TuDs were calculated by the RNAup algorithm. The squares indicate the TuDs that were tested experimentally and whose efficiencies are shown in [Figure 1C](#F0001) and [2B](#F0002), respectively.10.1080/15476286.2018.1537746-F0004Figure 4.TuD opening energy predicts the inhibitory effect on miRNA functioning.(A) All possible TuD sequences, based on the variable 4 nt bulge sequence, and their corresponding TuD opening energy (y-axis) were generated *in silico* for miR-BART10-3p and miR-BART18-5p. Predicted low energy (LE) and high energy (HE) TuDs that were selected for *in vitro* experiments are indicated by the arrows and squares. (b) Percentage of 3ʹUTR reporter derepression, calculated as discussed previously in [Figure 1](#F0001), for both the selected miR-BART10-3p and miR-BART18-5p TuDs in EBV miRNA-expressing HK-1 cells seven days post-transduction of the corresponding TuD construct. Five predicted LE and HE TuDs are presented in black and grey bars, respectively. Control conditions are: a 'perfect' complementary (Comp.) TuD (without 4 nt bulge), the untransduced cells (Ctrl.) and the TuD empty vector backbone (Ev.). Following flow cytometric analysis, mCherry gMFI of miRNA^+^ and miRNA^+^TuD^+^ cells were normalized to those of miRNA^−^ cells. Values presented are the average of biological duplicates, both performed as technical triplicate experiments, ±SD (c) Scatter plots of the TuD opening energy (x-axis; kcal/mol) versus the percentage of 3ʹUTR mCherry reporter derepression (y-axis), regarding the predicted LE (black dots), HE (grey squares) and the perfect complementary (open triangle) TuDs (also presented in [Figure 4B](#F0004)). The asterisks indicate a significant difference between the LE and HE groups (Student's t-test, unpaired) with: \*\*\* = *P *\< 0.001 and \* = *P *\< 0.05.

Command lines to compute MBS opening energy with RNAplfold:

**miR-BART10-3p**: -O -u 27 -W 128 -L 128 -- auto-id -- id-digits = 5 -- id-prefix 10-3pTuDs \<input_10-3p.txt

To retrieve the correct opening energy from the generated matrix in the Linux shell:

Site 1: cut -f 1,28 10-3pTuDs\*\_openen \| grep '\^48' \| cut -f 2 \> output_site1.txt

Site 2: cut -f 1,28 10-3pTuDs\*\_openen \| grep '\^101' \| cut -f 2 \> output_site2.txt

**miR-BART18-5p**: -O -u 26 -W 126 -L 126 -- auto-id -- id-digits = 5 -- id-prefix 18-5pTuDs \<input_18-5p.txt

To retrieve the correct opening energy from the generated matrix in the Linux shell:

Site 1: cut -f 1,27 18-5pTuDs\*\_openen \| grep '\^47' \| cut -f 2 \> output_site1.txt

Site 2: cut -f 1,27 18-5pTuDs\*\_openen \| grep '\^99' \| cut -f 2 \> output_site2.txt

Statistics {#S0002-S2006}
----------

The Pearson correlation coefficients along with the corresponding two-tailed *P*-values were calculated using GraphPad Prism software version 7.04.

Results {#S0003}
=======

Tough decoy RNAs inhibit miRNA activity with varying efficiency {#S0003-S2001}
---------------------------------------------------------------

We set out to develop potent miRNA inhibitors for all mature EBV miRNAs that locate to the the BamHI A rightward transcripts (BART) Cluster \[[47](#CIT0047)\]. For this, we cloned TuDs downstream of the mouse U6 promoter in a lentiviral vector that co-expresses the fluorescent mAmetrine and the Zeocin resistance gene ([Figure 1(a](#F0001))). Each of the two TuD arms harbored a single miRNA binding site that was complementary to a given miRNA except for a four nucleotide bulge that was inserted between positions 10--11 from the 3ʹ end of the binding site, coined '4ntin' by Haraguchi et al. \[[23](#CIT0023)\]. Since no clear design rules for the 4ntin bulge were described, we randomly designed a sequence for each of the TuD RNAs to not match the adjacent nucleotides. We subsequently tested the potency of the TuDs in HK-1 cells that ectopically expressed a cluster of EBV miRNAs (vector is described in Hooykaas *et al*. \[[40](#CIT0040)\]) together with a specific miRNA reporter for a given EBV miRNA. This reporter consisted of an mCherry reporter gene containing a single EBV miRNA target site in its 3ʹUTR, allowing specific quantification of miRNA activity. Indeed, HK-1 cells transduced with miR-BART1-3p and miR-BART1-5p reporters readily sensed EBV miR-BART1 expression as reporter levels were potently downregulated in EBV miRNA cluster-expressing cells but not in EBV miRNA-negative cells ([Figure 1(b](#F0001)), compare open dashed histograms with open black histograms). Subsequent lentiviral introduction of TuDs targeting miR-BART1-3p and miR-BART1-5p resulted in a potent upregulation of the corresponding mCherry reporters, indicating that the inhibitors successfully derepressed miRNA targets ([Figure 1(c](#F0001)), left panels, filled gray histograms). The effect of the TuDs was specific, as control TuDs targeting irrelevant EBV miRNAs did not relieve mCherry expression of the miR-BART1-3p and miR-BART1-5p reporters ([Figure 1(b](#F0001)), right panels). Also the TuDs targeting all other BART miRNAs were functional, as indicated by the derepression of miRNA reporters ([Figure 1(c](#F0001)) and data not shown) and specific, as expression of the TuD for an irrelevant miRNA did not affect mCherry reporter expression (Figure S1). However, the TuD potency unexpectedly varied greatly between these miRNA inhibitors, ranging from miRNA inhibition of 29% to 92% ([Figure 1(c](#F0001))).

Bulge sequence variations in the TuD impact its inhibitory potential {#S0003-S2002}
--------------------------------------------------------------------

We tested whether we could increase TuD potency of an inefficient inhibitor by altering the 4ntin bulge sequence in the miRNA binding site. For this, we replaced the GTCA bulge from the inefficient miR-BART3-3p TuD with a GGAA bulge (Table S2). Intriguingly, the TuD potency improved the derepression of the mCherry reporter by miR-BART3-3p drastically from 10% for the GTCA-bulge to 66% for the GGAA-bulge variant ([Figure 1(d](#F0001)), compare white with grey bars). Hence, a 2 nt change in the bulge alone converted an inefficient TuD into an efficient one. Complete removal of the bulge, rendering the TuD fully complementary to its miRNA target, did not increase TuD potency ([Figure 1(d](#F0001))). This is in line with the study by Haraguchi *et al*., suggesting that complementary (or 'perfect') TuDs are subject to Ago2 cleavage and are therefore less efficient miRNA inhibitors \[[23](#CIT0023)\]. Mutating the potential Ago2 cleavage site at positions 9--12 of the 'perfect' complementary miR-BART3-3p TuD, generating a miR-BART3-3p TuD that is non-complementary at positions 9--12 (see Table S2), also did not increase TuD potency, but rather reduced the inhibitory capacity ([Figure 1(d](#F0001))).

Since target RNA accessibility is of importance for miRNA target recognition \[[48](#CIT0048)\] and siRNA functioning \[[49](#CIT0049)\], we hypothesized that the increased inhibitory potential of the GGAA-bulge TuD as compared to the GTCA-bulge TuD may have been caused by an altered and more relaxed secondary TuD structure. A relaxed secondary TuD structure may increase the RNA accessibility compared to a less open structure, which may lead to an increased capacity for scavenging mature miRNA targets. Indeed, the predicted secondary structure of both TuDs was altered in the miRNA binding site (MBS) region. The inefficient TuD with a GTCA-bulge facilitates extensive base pairing between both miRNA binding sites, whereas the efficient TuD is predicted to adopt a more open structure with limited base pairing between the MBSs ([Figure 1(e](#F0001))). Therefore, a lack of MBS accessibility of the inefficient TuD may reduce the potential for miRNA binding, resulting in poor TuD potency. This finding is consistent with a report on synthetic TuDs, where strong base pairing between two fully 2′*-O-*methylated RNA strands impaired the inhibitory potential \[[26](#CIT0026)\].

Inhibition strength correlates with thermodynamic properties of TuDs {#S0003-S2003}
--------------------------------------------------------------------

To analyze the thermodynamics of all tested TuDs, we usurped the RNAup algorithm from the Vienna RNA package \[[45](#CIT0045)\] to calculate the miRNA-TuD binding energy. In interaction mode, the software scans the TuD sequence for the optimal region of interaction with the BART miRNA. RNAup calculates the binding energy of two RNA molecules as the sum of two components: the energy required to open both RNA molecules and the energy gained from duplex formation. Since miRNAs are very short and unstructured, their opening energy is low, contributing only marginally to the score. We therefore only used the opening energy of the TuDs and correlated this to the relative TuD potency as determined by miRNA reporter experiments for 60 different TuDs ([Figure 2(a](#F0002))). Indeed, we observed an inverse correlation between the TuD opening energy and its miRNA inhibitory capacity (Pearson correlation coefficient of −0.481, *P *= 0.0001), i.e.: when the opening energy was high, the efficiency of the TuD was generally low ([Figure 2(a](#F0002)), left graph). Although we did not observe a significant correlation between miRNA-TuD duplex formation energy and TuD potency ([Figure 2(a](#F0002)), middle graph), the sum of both energies clearly correlated with TuD strength (Pearson correlation coefficient of −0.566, *P* \< 0.0001; [Figure 2(a](#F0002)), right graph).

As our dataset already contained multiple TuDs designed to target the same miRNA, yet with different bulge sequences, we assessed whether these TuDs followed the same trend as described above. Indeed, for the majority of TuDs, we observed that mutating a 4 nt bulge to a variant with a reduced TuD opening energy resulted in enhanced TuD potency ([Figure 2(a](#F0002)), left graph). This pattern was most apparent when the relative difference in opening energy between TuDs was large. However, the duplex formation energy barely differed per TuD and did not correlate with TuD potency ([Figure 2(a](#F0002)), middle graph).

We next cloned a larger set of TuD bulge variants for two miRNAs (miR-BART11-3p and miR-BART19-3p) and assessed the extent to which TuD potency could be enhanced for individual miRNA inhibitors. In line with our previous findings, there was a strong inverse correlation between TuD potency and TuD opening energy for the miR-BART11-3p TuD variants with a Pearson correlation coefficient of −0.758 and a *P*-value of 0.011 ([Figure 2(b](#F0002)), left graph). However, for miR-BART19-3p TuDs, this correlation was very weak and not significant ([Figure 2(b](#F0002)), right panel). This difference is likely caused by the already low opening energy of miR-BART19-3p TuD, where mutations in the 4 nt bulge region do not impact the total free energy in an extent that enhanced TuD potency is obtained. For miR-BART11-3p on the other hand, mutations in the bulge have a much stronger effect on the calculated opening energy ([Figure 2(b](#F0002))) and will therefore also impact the inhibitory potential of these TuDs more pronounced. Therefore, since the majority of the nucleotides in the miRNA binding sites of a TuD are governed by the sequence of the mature miRNA that is targeted, changes in the 4 nt bulge alone may not increase the potency of TuDs for a subset of miRNAs.

High-throughput computation of TuD opening energies {#S0003-S2004}
---------------------------------------------------

Since there is a strong correlation between TuD opening energy and inhibitory potential, computation of the opening energies of the full array of possible TuD sequences could aid in the design of effective TuDs. To explore this possibility, TuD opening energies were calculated for all 65,536 potential bulge sequences for miR-BART3-3p, miR-BART11-3p and miR-BART19-3p using the RNAup algorithm. The energy plots for these sequences, as well as the efficiency scores of the TuDs from previous figures (indicated as 'tested TuDs'), are presented in [Figure 3](#F0003). Upon examination of the miR-BART3-3p graph, we noted that the low efficiency TuD for miR-BART3-3p from [Figure 1(c-d)](#F0001) sits at the extreme high end of all calculated opening energies (22.1 kcal/mol), whereas the high efficiency TuD (11.88 kcal/mol) was among many TuDs with much lower opening energy. As many potential TuDs had a lower calculated TuD opening energy, we anticipate that more potent TuDs could be present among these sequences. In agreement with [Figure 2(b](#F0002)), changing the 4 nt bulge sequences for the miR-BART19-3p TuD has only limited impact on the calculated TuD opening energies ([Figure 3](#F0003), middle panel). On the other hand, changing the bulge composition of miR-BART11-3p TuDs has a much broader impact on the calculated opening energy for these TuDs ([Figure 3](#F0003), middle and right panel). Together, we show that the TuD opening energy is an important determinant for its inhibitory potential. Therefore, computational design to identify TuD sequences conferring low opening energy may facilitate the selection of potent TuD miRNA inhibitors.

TuD opening energy robustly predicts potent miRNA inhibitors {#S0003-S2005}
------------------------------------------------------------

We reasoned that we could increase the likelihood of identifying potent TuD RNAs by selecting those TuDs containing 4 nt bulge sequences that result in low opening energy of the molecule. To test this, we calculated the opening energies for all potential bulge sequence variants for two EBV miRNAs, miR-BART10-3p and miR-BART18-5p using RNAup ([Figure 4(a](#F0004))). From these variants, we selected 5 TuDs with a low opening energy (LE), and five TuDs with a high opening energy (HE). Subsequently, we analysed the potency of the selected TuDs in a 3ʹUTR miRNA reporter system. As expected, all predicted LE TuDs targeting miR-BART10-3p potently inhibited miR-BART10-3p (ranging from 50--80% derepression), whereas all predicted HE TuDs inhibited miR-BART10-3p to a much lesser extent (\~ 10--38% derepression). This resulted in a strong inverse correlation of the selected LE and HE TuDs with the calculated opening energies (Pearson correlation coefficient of −0.884, *P*-value = 0.0007). A perfect complementary miR-BART10-3p TuD (Comp. in [Figure 4(b](#F0004)) and open triangle in 4C) that lacks the 4 nt bulge only induced moderate levels of miRNA derepression, which is in line with previous findings \[[23](#CIT0023)\]. Also for miR-BART18-5p TuDs the majority of selected sequences acted as expected. A strong 3ʹUTR derepression occurred in four out of five LE TuDs ([Figure 4(b](#F0004)), lower panel and [Figure 4(c](#F0004)), right panel), and moderate repression occurred in four out of five HE TuDs. However, as one LE TuD unexpectedly induced moderate miRNA derepression and one HE TuD induced potent derepression, the prediction of TuD potency based on opening energy is not fully accurate and suggests that other parameter also play a role in determining TuD potency. However, as we could accurately predict 9 out of 10 potent TuDs based on opening energy prediction upon bulge alteration, our model aids in enriching for potent TuD RNAs.

Altogether, our results indicate that the TuD opening energy is a reliable predictor of the TuD functionality in derepressing the corresponding miRNA. When designing a potent TuD one should select TuD constructs with a low opening energy, based on the variation in the 4 nt bulge sequence, which translates into a relaxed, accessible RNA structure that is more superior in scavenging miRNA molecules.

Discussion {#S0004}
==========

miRNAs are important post-transcriptional regulators of gene expression. By destabilizing mRNA transcripts and inducing inhibition of translation they repress protein expression. Many diseases have been linked to aberrant miRNA expression, therefore, interference with miRNA function is a promising target for the development of new therapeutics. Several strategies have been developed to interfere with miRNA activity. Of these, the TuD RNAs have been identified as one of the most specific and potent miRNA inhibitors \[[23](#CIT0023),[25](#CIT0025)\]. Recently, TuDs have been exploited as therapeutic agents in *in vivo* mouse models \[[28](#CIT0028),[30](#CIT0030)\], showing promising results regarding long-term target inhibition.

Haraguchi and co-workers assessed what TuD structure provides the most potent anti-miRNA activity \[[23](#CIT0023)\]. These studies mainly focused on the architecture of the TuD outside the scope of the miRNA target site, and no guidelines were provided regarding the requirements for the 4 nt bulge in the miRNA binding site. Their studies did suggest that 'perfect' complementary binding of miRNAs to the MBS resulted in less potent TuDs as compared to MBS containing a 4 nt bulge. This effect is likely caused by direct cleavage of the perfect complementary TuDs, which does not occur in the 'bulged' TuD RNAs \[[23](#CIT0023)\]. Grimm and colleagues, however, did not observe a significant difference in inhibitory capacity of anti-miR-122 TuDs containing 'perfect' complementary MBS sites or a 4 nt bulge upon co-transfection with a corresponding luciferase reporter. In the same study, TuDs containing complementary 'perfect' RNA binding sites outperformed 4 nt bulge-containing TuDs when targeting short hairpin (sh)RNAs \[[50](#CIT0050)\]. In line with Haraguchi *et al*., we show that the 4 nt bulge introduction in the MBS enhances TuD activity ([Figures 1(d)](#F0001), [4](#F0004)(b) and 4(c)). The different results might be due to the mode of delivery; whereas Grimm *et al*. delivered the TuDs by transient transfection when comparing the differently designed TuD constructs, which often results in high expression levels \[[50](#CIT0050)\], we used a lentiviral delivery strategy which results in stable, yet lower, expression of TuDs \[[23](#CIT0023)\]. It has been proposed that perfectly complementary TuD might be sensitive to Ago2 cleavage, thereby decreasing the inhibitory potential of the miRNA inhibitor. In line with this hypothesis, we observed the inability of the 'perfect' complementary miR-BART3-3p TuD to inhibit miR-BART3-3p functioning efficiently ([Figure 1(d](#F0001))). Mutating the potential Ago2 cleavage site (position 9--12) within the miR-BART3-3p TuD did not rescue the inhibitory capacity ([Figure 1(d](#F0001))), but rather lowered the TuD inhibitory activity. This indicates the importance of these nucleotides in binding to the target miRNA. Additionally, we observed that the 4 nt bulge sequence is an important contributor to the opening energy of the TuD hairpin structure and that the calculated TuD opening energy inversely correlated with its efficiency ([Figure 2(a-c)](#F0002)). Since accessibility of miRNA target sites is important in miRNA functioning \[[48](#CIT0048)\], it suggests that a low opening energy induces a more relaxed TuD structure, which may enable enhanced MBS exposure and more efficient miRNAs scavenging. This is in line with a report on synthetic TuDs, in which the authors showed that strong base pairing between two fully 2′*-O-*methylated RNA strands impaired the inhibitory potential. By introducing a point mutation or a 4 nt insertion within the MBS to increase TuD accessibility the authors observed increased target miRNA inhibition \[[26](#CIT0026)\]. In our study, no correlation between TuD activity and the energy produced through duplex formation upon miRNA binding to the TuD ([Figure 2(a](#F0002)), middle graph). However, by combining both energies, the sum of both the TuD opening energy and the duplex formation energy, we again observed an inverse correlation ([Figure 2(a](#F0002)), right graph), since the TuD opening energy is the factor that weighs the heaviest due to the relatively high variability.

For a subset of miRNAs, such as for miR-BART19-3p ([Figures 2(b](#F0002)) and [Figure 3](#F0003)), we did not observe strong enhanced TuD potency upon changes introduced in the 4 nt bulge sequence. It appears that in these cases, the opposing MBS's already adopt a relaxed structure of the TuD as *cis* interactions between the MBSs are limited. As such, these TuDs already have a 'native' low opening energy and the contribution of the 4 nt bulge to the opening energy is limited. However, as these TuDs are likely potent miRNA inhibitors, a further enhancement of their potency may not be required. Indeed, the efficiency of all miR-BART19-3p TuDs tested was very high, and no strong correlation was observed between TuD opening energy and its inhibitory potential ([Figure 2(b](#F0002))).

Two out of ten anti-miR-BART18-5p TuDs did not act as expected based on their calculated opening energies. One 'low energy' TuD induced only weak derepression of miRNA activity, whereas one 'high energy' TuD induced strong miRNA derepression ([Figure 4(b](#F0004))). This suggests that either the opening energy values as calculated by the ViennaRNA package are not fully accurate, or that other, yet unknown, factors contribute to TuD potency. It would be interesting to target additional miRNAs and generate larger sets of TuD bulge-variants to assess how well these act in functionally derepressing miRNA activity and how accurate our model can predict potent TuDs over non-potent ones.

Concluding, in this report we show that miRNA inhibitors based on the TuD design can vary strongly in efficiency when the 4 nt bulge sequence is randomly designed. The thermodynamic properties are accountable for this phenomenon, since the TuD opening energy correlated inversely with the TuD efficiency. A low TuD opening energy leads to a more relaxed RNA structure, which enhances the anti-miRNA activity of the TuD. We recommend to perform computational analysis of all possible TuD sequences using tools provided by the ViennaRNA package for a given miRNA to select those variants that have a low TuD opening energy and are therefore more likely to act as a highly active miRNA inhibitor.
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